The second flight of microgravity experiment system using a free fall capsule from a high altitude balloon was conducted in May 2007. Using a drag free control, around 10 -4 G gravity conditions were obtained for 30 seconds. Results of a combustion experiment with Japanese sparker conducted inside the microgravity experimental unit were also reported.
Introduction
The new microgravity experiment system using a high altitude balloon, which we are currently developing, is aiming to fill the gap between the short duration microgravity systems (drop tower and parabolic flight) and long duration systems (sounding rocket and the International Space Station). This system will provide microgravity condition around 10 -4 G and up to 1 minutes in duration.
In order to obtain a good microgravity condition, the system employs a drag-free control. In this control, the distance between the inner capsule and the outer capsule is kept constant using the gas jets equipped in the outer capsule. Therefore, the inner capsule is free from any disturbances (such as wind) during free fall. This paper briefly describes the system and the result of the 2 nd test flight. Figure 1 shows the operation sequence of the microgravity experiment system using a high altitude balloon [1] [2] [3] .
Experiment System 2.1. Overview
The high altitude balloon can lift a payload (which weighs about 700kg) as high as around 40 km in altitude. Then, a command from the ground is sent to the balloon so that the microgravity experiment section is disconnected from the balloon.
A rocket-shaped experiment section starts free-fall and microgravity experiments are performed in the section. When the experiment section descents around 20 to 30 km in altitude, the section reached the terminal velocity due to the air drag, and microgravity condition is terminated. Then, a parachute is deployed so that the experiment section can be safely splashed down to the ocean. Finally, the experiment section is retrieved by ships or helicopters.
This operation is same the one done by ISAS in 1983 4) and by German MIKAROBA system 5) .
Currently, four test flights are planned in the development of this experiment system. The aim of the first test and the second flights are to check the functionality of every element and check if the whole experimental sequence is operable. The duration of microgravity is around 20 seconds for the 1 st flight and 40 seconds for the 2 nd flight, respectively.
The aim of the third flight is to check the function of air-breathing engine, which is essential to compensate rapidly increasing air-drag and get longer microgravity duration (around 1 minute).
All lessons-learned will be fed back to the design and operation of the final fourth flight, in which a scientific microgravity experiment will be performed.
The first test flight was conducted on May 27 th , 2006.
Every operation sequence was performed smoothly, except for the drag-free control. The control went well for the first 8 seconds but suddenly terminated due to the instability on the outer capsule. Detailed results of the first test flight will be reported elsewhere 3) .
In order to improve the aerodynamic stability, the outer capsule was equipped with four movable wings in the second flight (Fig.2 ). Figure 3 shows the concept of the drag-free control. The main purpose of the drag-free control is to achieve a better microgravity condition by eliminating any disturbing forces from the experiment section. To fulfill the requirements, the experiment section is divided into 2 sections: the inner capsule and the outer capsule.
Outer capsule and drag free control
The three dimensional relative position of the inner capsule is measured by four laser sensors equipped in the outer capsule. For the precise measurement of the 3D relative position, the lower part of the inner capsule is covered by a spherical shell which reflects the lasers.
The measured position data are fed to a computer where PID position calculations are conducted, and output signals are sent to the cold gas jets in the outer capsule, which produce forces to cancel the disturbances and to keep the distance between the inner capsule and outer capsule constant.
Inner capsule
Due to the physical limitation of the outer capsule, the size of the inner capsule is limited to 280 mm in diameter. Since the inner capsule is expected to be floating inside of the outer capsule during the microgravity duration, the inner capsule should be independent. This means that the inner capsule should have its own power supply, experiment control computer, data storage, etc.
Data transitions between the outer capsule and inner capsule are also done by non-contact means. The activation / deactivation commands are sent from the outer capsule via infra-red communication, while video image and experimental data is transferred from the inner capsule via radio frequency. Figure 4 shows the inner capsule for the second flight. This capsule contains a combustion chamber (100mm x 100mm x 100mm) in which a Japanese sparker (a traditional Japanese small fireworks) would be burned as a demonstrative experiment. The inner capsule also contains two 3-axis accelerometers and four temperature / humidity loggers.
The inner capsule was powered off except infra-red receiver during ascent to minimize the power consumption. Around 4 minutes before the free-fall, an infra-red signal was sent from the outer capsule to inner capsule, and every element in the inner capsule was activated. Then, a video image and health data were sent from the inner capsule to outer capsule using wireless means. When the outer capsule was disconnected from the balloon and started free-fall, an "experiment start" signal was sent from the outer capsule to inner capsule, which triggered the ignition of the Japanese sparker in the combustion chamber.
Experimental Results
The 2 nd test flight was launched on May 29 th , 2007. After ascent for around 4 hours, the experiment unit was dropped from the balloon, free-fell and splashed down into the Pacific Ocean. The outer capsule was found by ship and retrieved. Then, it was safely carried by a Fig. 3 Conceptual drawing of the drag free control system employed to the microgravity experiment system using a high altitude balloon. 
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helicopter back to the launch site. Figure 5 shows the temperature and humidity data recorded on a temperature logger in the inner capsule.
Environmental condition
Temperature of the inner capsule went down during ascent and reached as low as 6 ℃. Humidity was kept below 33 % and dew condensation did not occurred. The outer capsule started free-fall around 240 minutes after launch, and temperature of inner capsule gradually went up to 18 degree C. Heaters would be necessary for future experiments which need constant temperature condition. Figure 6 shows the raw data of acceleration measured in the inner capsule. The inner capsule was maintained non-contact situation from the beginning of free fall (0 s) to 7 s. At 27 s, the inner capsule touched with the outer capsule first time, and big disturbance was recorded on the accelerometer. The 2 nd and 3 rd contact were recorded 31 and 33 s respectively. These mechanical contacts were confirmed by the relative clearance data obtained by laser sensors. However, as for a big acceleration observed around 23 s, no indication was observed in the position sensor data, and cause of the disturbance is unknown.
Finally, a parachute was deployed and microgravity experiment was terminated at 35 s. Obtained microgravity duration was more than 25 seconds, which was longer than that provided by the parabolic flight by airplanes.
Smaller jitters (magnitude of 10 -2 G level) were seen in Fig.6 . Timing of these jitters showed almost perfect match with the history of the gas jets operations and we concluded that these jitters were caused by acoustic vibration induced by gas jets. Figure 7 shows the frequency spectrum of G-level calculated from the raw data shown in Fig.6 . Requirement of micro-gravity level on the International Space Station (ISS) was also plotted in the figure for comparison. The microgravity level obtained in this experiment system was as good as that of the ISS. Especially, micro-G level around 1 to 100 Hz frequency domain was better than the ISS requirement.
Plots in Fig.7 with open circles indicate the result obtained with data 9.2 to 10.3 s in Fig.6 , where no jitter caused by gas jets was seen. By comparing this result with the one with whole experiment duration (shown with black circles in Fig. 7) , we conclude that acoustic vibration caused by gas jets affected only high frequency domain (>100Hz).
Some modifications are currently considered for the test flight #4 to reduce the acoustic disturbance from the gas jets to get better microgravity condition. 
Combustion of the Japanese sparker under microgravity
This demonstrative experiment was once conducted in a parabolic flight using an airplane as a part of student education program. Ichimura et al. tried to burn the Japanese sparker in reduced gravity condition to observe the difference in shape of the spark. On the ground, the Japanese sparker firstly makes a fireball (high temperature liquid sphere of gunpowder), then starts dispersing sparks from the fireball (Fig.8) . Because convection were suppressed and enough oxygen could not be supplied to the fireball, no spark could be deployed in the parabolic flight experiments.
Based on this result, the experiment in this balloon system was decided to be conducted in the pressurized gaseous condition, to increase the amount of oxygen. However, we found that the Japanese sparker would burn too fast to make a fireball if we pressurize too much.
Preliminary experiments were conducted in the parabolic flights and it was determined that air pressure of 0.45 MPa was the most promising condition to make the fireball spark. Figure 9 shows the combustion chamber. Its wall was made of stainless steel with 5mm thickness and could be pressurized up to 0.9 MPa. A Japanese sparker was set in the middle of the chamber by an electric feed through. One side of the sparker was wound by a Fe-Cr wire which was used for ignition. The snapshots of Japanese sparker during free-fall from the balloon were shown in Fig.10 . The sparker was ignited by sending electric current to the feed through at 0 s ( Fig.10 (a) ). The Japanese sparker burned rapidly for 5 to 6 s ( Fig. 10 (b) thorough (d) ) since the sparker was in richer oxygen environment than usual (0.1 MPa) condition. However, After 8 s, the fire suddenly went down, and no fireball was formed. This indicated that oxygen around the sparker had already consumed, while enough oxygen to maintain the high temperature could not be supplied from vicinity due to lack of convection. As a consequence, the sparker could not form a fireball. From 10 to 27 s ( Fig. 10 (f) to (h)), the sparker looked just maintaining its moderate temperature by reacting with oxygen supplied mainly by diffusion.
When the inner capsule made mechanical contacts with outer chamber which introduced disturbances at 28 and 31 s, the sparker became brighter (shown in Fig.10 (i) and (l)), indicating that the the temperature of the sparker increased. Figure 11 shows the result of numerical simulation of thermal convection inside the combustion chamber with different gravity level. In 1-G condition, big convection occurred with the maximum velocity of 1.3 m/s. When the chamber is set in the 10 -2 G condition which is comparable in the parabolic flight by an airplane, the maximum velocity is reduced to 1.2 x 10 -1 m/s. The velocity is reduced to 10 -3 m/s at 10 -4 G condition. This ( ) = a t 0s ( ) = b t 2s ( ) = c t 4s
( ) = j t 29s ( ) = k t 30s ( ) = l t 31s 
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difference in convection velocity is the reason why the Japanese sparker sparks at 1-G, a fire ball formation can be achieved but no sparks at 10 -2 G, and no fire ball formation at 10 -4 G.
Conclusions
The second test flight of the microgravity experiment system using the high altitude balloon was successfully conducted. A good gravity level (which is as good as that of the ISS requirement) was obtained around 30 s. The burning behavior of the Japanese sparker was quite different from that on the ground or in the parabolic flight, which also indicates that the gravity level was good and the combustion experiment was done in the convectionsuppressed condition. 
